Background--Intracranial atherosclerotic stroke is prevalent in Asians. We hypothesized that patients with the ring finger protein 213 (RNF213) variant, a susceptibility locus for moyamoya disease in Asians, have different neuroimaging characteristics in terms of the vessel wall and hemodynamics.
I ntracranial atherosclerotic stroke (ICAS) is more prevalent in East Asians than in Westerners. However, the reason for the racial-ethnic differences is unknown. Possible explanations include inherited susceptibility to intracranial vessel atherosclerosis, 1 acquired differences in risk-factor prevalence, 2,3 and differential responses to the same risk factors. [4] [5] [6] No genetic factors specific to ICAS have been reported. Recent genome-wide association studies have shown stroke-subtypesensitive genetic factors. 7 However, they merged intra-and extracranial atherosclerosis for these studies.
Moyamoya disease is an idiopathic intracranial arterial disease characterized by progressive stenosis of the distal internal carotid artery (ICA) and a hazy network of basal collaterals called moyamoya vessels. The main pathological changes of the stenotic segment in moyamoya disease are the fibrocelluar thickening of the intima, irregular undulation of the internal elastic laminae, medial thinness, and a decrease in the outer vessel diameter, whereas focal thickness of the intima attributed to atheroma and subintimal hemorrhage is the main feature of ICAS. The ring finger protein 213 (RNF213), p.Arg4810Lys, is exclusively found in East Asian countries where the prevalence of this variant has been reported to be up to 2.5%. 8, 9 Although a genome-wide linkage analysis and exome analysis recently identified the RNF213 gene on 17q25.3 as the strongest susceptibility gene for moyamoya disease in East Asian populations, 10, 11 this genetic variant associated with moyamoya disease was also observed in patients with nonmoyamoya intracranial stenosis. 12, 13, 14 We hypothesized that this genetic variant of the RNF213 gene influences the intracranial vessels and is related to development of ICAS in Asians. Thus, we compared the plaque characteristics and vascular remodeling pattern on high-resolution magnetic resonance imaging (HR-MRI) and hemodynamic changes related to intracranial plaques depending on the presence or absence of this variant.
Patients and Methods

Data Availability
Anonymized data will be shared by the corresponding author upon reasonable request from any qualified investigator.
Study Population
From January 2012 to September 2017, patients with ischemic cerebrovascular events in the middle cerebral artery (MCA) distribution who were admitted to a university medical center were prospectively recruited. Potential participants were defined as patients experiencing focal or lateralizing symptoms within the MCA distribution within 7 days of admission and showing ≥30% stenosis or occlusion at terminal portions of the ICA and/or proximal MCA on conventional or magnetic resonance angiography. All patients underwent HR-MRI, and only those who had relevant plaques on HR-MRI were included in this study. Based on the SSS-TOAST (Stop Stroke Study Trial of Org 10 172 in Acute Stroke Treatment), patients with potential sources of cardioaortic embolism, extracranial atherosclerosis with significant (≥50%) stenosis of the relevant extracranial arteries, other stroke mechanisms (coagulopathy, vasculitis, arterial dissection, etc), or incomplete evaluations were excluded. Patients who showed typical luminal or HR-MRI features of intracranial arterial dissection (ie, the presence of intimal flap or double lumen, intravascular hematoma, or aneurysmal formation) were excluded. 15, 16 Additionally, conventional angiography was performed in cases where moyamoya disease was suspected. Patients who showed typical features of moyamoya disease in terms of the luminal features of conventional/magnetic resonance angiography (ie, presence of basal collaterals) or typical vessel wall changes on HR-MRI (ie, circular enhancement without plaque) were excluded. 17, 18 Details of patient selection are provided in Figure 1 . The local institutional review board approved this study (approval number, 2016-08-064). All patients or patient guardians provided written informed consent for participation in this study.
Workups and Genetic Study
Clinical information, including age, sex, height, body mass index, and vascular risk factors, was collected. All patients underwent standardized diagnostic tests that included routine blood tests (total cholesterol, triglyceride, high-and lowdensity lipoprotein-cholesterol, C-reactive protein, etc) and cardiac workups (electrocardiography, ≥24-hour cardiac telemetry, or echocardiography). Hemostatic markers of prothrombotic tendency, including antiphospholipid antibodies, were measured in patients who were aged <50 years.
Genomic DNA was extracted from peripheral blood leukocytes using a Wizard Genomic DNA Purification kit and following the manufacturer's instructions (Promega, Madison, WI). The c.14429G>A (p.Arg4810Lys) variant of the RNF213 gene (GenBank accession number, NM_001256071.1) was amplified using primer sets designed by the authors (available upon request). A polymerase chain reaction was performed with a thermal cycler (model 9700; Applied Biosystems, Foster City, CA), and direct sequencing was performed with a BigDye Terminator Cycle Sequencing Ready Reaction kit
Clinical Perspective
What Is New?
• In this prospective study, plaque characteristics did not differ depending on the presence of the ring finger protein 213 (RNF213) variant, but patients with this variant had smaller intracranial arteries. Smaller intracranial arteries may impact brain blood flow, and this effect may be magnified in the presence of intracranial atherosclerosis.
What Are the Clinical Implications?
• Our findings suggest that intracranial atherosclerosis and moyamoya disease share a common genetic variant, and among these variants, RNF213 variant may have a role in arterial caliber and brain flow hemodynamics in Asians.
(Applied Biosystems) on an ABI Prism 3730xl genetic analyzer (Applied Biosystems).
HR-MRI and Hemodynamic Study
HR-MR images were analyzed to evaluate the vessel walls. Details of the HR-MRI parameters are described elsewhere. 19, 20 HR-MRI was performed using a 3T system (Achieva; Phillips Medical Systems, Best, The Netherlands) with a standard 8channel head coil. The neuroradiologist (J.C.) selected the vessel and site of evaluation based on clinical presentation and 3D time-of-flight magnetic resonance angiography findings and chose the combination of acquisition orientations (axial only or axial and sagittal). Black-blood HR-MRI, using the spatial presaturation technique, was performed as follows: (1) axial and sagittal proton density (repetition time/echo time=2150/ 12.5 ms, echo train length=10, slice thickness=2 mm, flip angle=90 degrees, matrix=2809280, field of view=14 cm, and number of excitations=2); (2) axial and sagittal T 2 -weighted images (repetition time/echo time=2150/100 ms, echo train length=10, slice thickness=2 mm, flip angle=90 degrees, matrix=2809280, field of view=14 cm, and number of excita-tions=2); (3) sagittal T 1 fluid-attenuated inversion recovery, precontrast and postcontrast (repetition time/echo time=2100/10 ms, echo train length=6, slice thick-ness=2 mm, flip angle=90 degrees, matrix=2809280, field of view=14 cm, and number of excitations=2); and (4) axial postcontrast 3D T 1 -weighted volumetric isotropic turbo spin echo acquisition (repetition time/echo time=350/20 ms, turbo spin echo factor=25, 0.5 mm isotropic voxel, flip angle=90 degrees, matrix=3609360, field-of-view=18 cm, and number of excitations=2).
Outer vessel diameter was measured manually on T 2 proton-density-weighted images. Outer vessel diameter of the most stenosed site (or maximal plaque site in case of total occlusion) was measured. In addition, normal vessels located contralateral to the mid portion of the MCA (or proximal to the stenotic portion in case of a stenotic contralateral side) and basilar artery (BA) were also assessed at the mid portion of the BA as reference values. Saggital images were used to measure MCA diameter and axial images for BA diameter. In this study, the wall area, the difference between areas of the vessel and lumen, was not evaluated because it could not be measured in cases with a small outer vessel diameter. Precontrast and postcontrast T 1 fluid-attenuated inversion recovery images were compared to determine the presence of enhancement and enhancement pattern (concentric versus eccentric), using a Medical Image Processing Analysis and Visualization program. Presence of enhancement was defined as a >20% increase in normalized signal intensity of the plaque after contrast agent injection. Normalized signal intensity was calculated as the signal intensity of the BA. Enhancement was considered concentric if it was uniform or circumferential. Enhancement was regarded as eccentric if it was not 360 degrees circumferential. When multiple plaques were detected in a symptomatic intracranial artery, the plaque causing the highest degree of stenosis was considered symptomatic and selected for analysis. Two neurologists (H.L. and E.-H.C.) interpreted the HR-MRI images. A third reader (J.H.) was invited to resolve any disagreements between the 2 interpretations. All quantitative data were remeasured 2 weeks later by a neurologist (E.-H.C.) to estimate intraobserver variability. Intraclass correlation coefficients for the measured HR-MRI parameters were examined for both inter-and intraobserver agreement, and the final database was locked after achieving intraclass correlation coefficients >0.80.
The adjusted signal intensity ratio on time-of-flight magnetic resonance angiography was measured as a surrogate marker of fractional flow, as previously reported by the WASID/SONIA (Warfarin Aspirin Symptomatic Intracranial Disease/Stroke Outcomes and Neuroimaging of Intracranial Atherosclerosis) collaboration investigators. 21, 22 In brief, the region of interest distal and proximal to the stenosis was visualized on a maximum intensity project view. The mean signal intensity (SI) for the region of interest was measured. The fractional flow ratio (FFR), the adjusted signal intensity ratio, was calculated as (distal SIÀbackground SI)/(proximal SIÀbackground SI). Data analysis was performed semiautomatically with software developed in-house using MATLAB code (The MathWorks, Inc, Natick, MA; Y.C.K.).
Statistical Analysis
Differences in discrete variables among the groups were examined by v 2 , Fisher's exact, and Mann-Whitney U tests. Differences in continuous variables were examined using 1way ANOVA, Kruskal-Wallis tests, and t tests, as appropriate. Correlations of FFR with degree of stenosis and outer vessel diameter were analyzed using Spearman's correlation analysis. In addition, independent factors for outer vessel diameter (quartiles for the stenotic segment of the MCA and distal ICA) and FFR related to the RNF213 variant were evaluated using multivariate linear regression analysis. Commercially available software (SPSS, Version 18.0; SPSS, Inc, Chicago, IL) was used for the statistical analyses. P<0.05 was considered statistically significant. For continuous variables, we used Youden's index to consider optimal cut-off values that maximize likelihood. This was done using R software (R Core Team, 2017).
Results
Among the 267 participants with intracranial stenosis on time-of-flight MRI who underwent both HR-MRI and genetic study, 94 patients who showed typical HR-MRI findings of nonatherosclerotic origin, such as moyamoya (n=36), dissection (n=43), reversible vasoconstriction syndrome (n=4), vasculitis (n=4), or others (n=7), and 29 patients with poor image quality were excluded from this study. Finally, 144 patients with intracranial plaques on HR-MRI and absence of basal collaterals (moyamoya vessels) were included; 58 (40.3%) were female and the average age was 55.5AE13.5 years (range, . Relevant stenosis of the MCA was observed in 62 (40.5%) patients, and the remaining patients had distal ICA or combined stenosis.
Based on the results of the genetic study, 101 (70.1%) patients with ICAS confirmed by HR-MRI were classified as RNF213 variant noncarriers and 44 (29.9%) as RNF213 variant carriers (heterozygote in all cases). Details of the baseline characteristics of patients and conventional neuroimaging findings of RNF213 variant noncarriers and carriers are summarized in Table 1 . There was no significant difference in the characteristics of patients, including age, sex, height, and body mass index, and vascular risk factors, infarct pattern, and site/degree of steno-occlusive segments, between carriers and noncarriers. Table 2 shows the HR-MRI features. The outer vessel diameter of the stenotic segment was significantly smaller in carriers than in noncarriers (P<0.001 in both MCA and distal ICA). Interestingly, outer vessel diameters of nondiseased segments (plaque negative on HR-MRI), that is, contralateral side and BA, were smaller in carriers than in noncarriers (P<0.01 in all cases). The cut-off value of the outer vessel diameter of the stenotic segment between the groups was 2.55 mm for the MCA and 2.80 mm for the distal ICA. Cut-off values were 2.87 mm for asymptomatic MCA, 2.72 mm for asymptomatic distal ICA, and 3.68 mm for asymptomatic BA. The multivariate test showed that the association between outer vessel diameter and the genetic variant remained significant after adjusting for age, sex, height, and body mass index (Table 3) . For example, patients with outer diameter <2.55 mm were almost 9 times more likely to have RNF213 variant (odds ratio, 8.991; 95% CI, 3.486-23.189). On the contrary, the characteristics of plaques, in terms of the presence of plaque enhancement and eccentricity, were not significantly different between the groups. A typical example of RNF213 variant carriers is shown in Figure 2 .
Fractional flow was measured at the stenotic segments of relevant arteries (n=79 for MCA and n=50 for distal ICA). FFR was significantly correlated not only with degree of stenosis (Spearman's correlation, r=0.563; P<0.001), but also with outer vessel diameter (Spearman's correlation, r=0.370; P<0.001). As shown in Figure 3 , FFR markedly decreased with the decrease in outer vessel diameter among patients with similar degrees of stenosis, especially in those with a severe degree of stenosis ( Figure 3B) .
A multiple regression analysis was performed to further evaluate the independent factors associated with a smaller diameter of stenotic segments and reduced fractional flow across the stenotic segment. The RNF213 variant was independently associated with a smaller diameter of the stenotic segment (b=À0.788; P<0.001), after adjustment for clinical characteristics (age, sex, and vascular risk factors), degree of stenosis, and plaque characteristics (presence of enhancement and eccentricity). In addition, outer vessel diameter of stenotic segments was independently associated with the FFR (b=0.145; P<0.001). Other factors, including clinical characteristics (age, sex, and vascular risk factors), RNF213 variant, degree of stenosis, and plaque characteristics (presence of enhancement and eccentricity), did not significantly contribute to the FFR (P>0.05 for all).
Discussion
The major findings of this study are as follows. First, the RNF213 variant was observed in around 30% of HR-MRIconfirmed cases of ICAS. This frequency was much higher than that observed in stroke patients without intracranial stenosis (3.6% of 137 patients) and healthy control patients (1.05% of 1100 subjects). 23, 24 Second, outer vessel diameters of the intracranial arteries were smaller in RNF213 carriers than in noncarrier in both symptomatic and asymptomatic sites, including the posterior circulation. Such small intracranial arteries could be vulnerable to hemodynamic compromise, resulting in stroke in the presence of intracranial atherosclerosis. Third, no significant difference in plaque characteristics was observed regardless of the presence or absence of this variant.
This study shows that the RNF213 variant is common in patients with HR-MRI-confirmed intracranial atherosclerotic stroke and that the outer vessel diameter of intracranial arteries was smaller in carriers than in noncarriers. Very recently, Hongo et al measured the outer dimeter of the MCA in a small cohort (the RNF213 variant 19 carriers and 28 noncarriers) and showed that the outer diameter of the MCA was smaller in the RNF213 variant carriers. 25 Our present study also showed that negative remodeling involves all the intracranial arteries measured. Not only the stenotic MCA segments, but also contralateral MCA, distal ICA, and BA showed negative remodeling in patients with this variant. Such findings raise the possibility that the RNF213 variant may play a role in posterior circulation stroke. The results of the present study are in line with recent studies of systemic vascular disease. 26, 27 RNF213 p.Arg4810Lys variant causes a classical moyamoya disease when present in a heterozygous state, but the exact same variant results in moyamoya disease and systemic vascular diseases when present in a homozygous state in a gene-dosage-dependent manner. 26 In addition, RNF213 homozygous patients show a very unique pattern of diffuse narrowing of the aorta and iliofemoral arteries, together with stenosis of the renal, celiac, or peripheral pulmonary arteries. 27 These findings, together with the present data (all were heterozygous patients), suggest that RNF213 p.Arg4810Lys leads to vasculopathy characterized by negative remodeling involving not only major intracranial vessels, but also systemic vessels and intracranial vessels in general. Such small diameter and thinness of intracranial vessels could be caused by several pathogenic processes related to the RNF213 variant. First, impaired circulating vascular progenitor cells (endothelial and smooth muscle progenitor cells) have been reported in patients with moyamoya disease. 28, 29 Defects in circulating cells that originate from the bone marrow and help maintain the vasculature may cause impaired angiogenesis and consequent intimal thickening and medial thinness. Second, RNF213 encodes a relatively large protein with dual AAA + ATPase and E3 ligase activities. 8 In vitro and in vivo experiments suggest that RNF213 is related to angiogenesis and vascular inflammation, although the complete physiologic functions of RNF213 remain unknown. 8 Hitomi et al established a model of induced pluripotent stem cells derived from vascular endothelial cells, and showed that the angiogenic activity from patients with moyamoya disease and RNF213 carriers was lower than that of control subjects. The overexpression of the RNF213 variant downregulated Securin and inhibited angiogenic activity. 30 Third, caveolin-1, a scaffolding protein of the caveolae plasma membrane, is involved in the pathogenesis of cancers and vascular diseases. 31 In our recent data, caveolin-1 level was markedly decreased in patients with moyamoya disease, especially in patients with the RNF213 variant, and to a lesser degree in those with ICAS. 32 Caveolin-1 overexpression enhanced caveolae generation and accelerated capillary tube formation by nearly 3-fold, whereas caveolin-1 downregulation reduced in vitro and in vivo capillary formation and increased cell death of smooth muscle cells, and was associated with pathological angiogenesis. 31, 33, 34, 35 The WASID (Warfarin-Aspirin Symptomatic Intracranial Disease) trial investigators showed that degree of stenosis (presence of severe stenosis of ≥70%) was associated with subsequent ischemic stroke in the territory of the stenotic artery. 36 They also showed that besides degree of stenosis, hemodynamic factors, such as those measured by the FFR, may be associated with subsequent stroke; diminished FFR was associated with recurrent stroke in stenosis <70%. 21 In the present study, hemodynamic impairment, as measured by diminished FFR, was severe in patients with smaller diameter intracranial arteries, even though they had similar degrees of stenosis. Such a finding suggests that a smaller diameter could be a predisposing factor in terms of hemodynamics in the presence of intracranial plaque. Besides, the smaller diameter of intracranial arteries may affect the results of treatment of ICAS. The outer diameter of the MCA of patients with this variant was relatively small in our present (2.05AE0.63 mm) and previous (2.09AE0.32 mm) cohorts. 25 The results of the SAMMPRIS (Stenting and Aggressive Medical Management for Preventing Recurrent Stroke in Intracranial Arterial Stenosis) trial showed that treating very small vessels (<2.5-2.75 mm in diameter) was associated with higher complication rates, because small vessels are more likely to have restenosis or acute thrombosis and they may also be more prone to injury with stenting. 37 Several possible mechanisms of enhanced atherogenesis related to the RNF213 variant exist. First, small diameters associated with the RNF213 variant may be associated with intracranial atherosclerosis. Obi et al studied diagnostic coronary arteriography in 884 patients and showed that a coronary artery diameter was a significant independent predictor of atherosclerotic lesions, suggesting that small coronary artery size is a risk factor for atherosclerosis. 38 They suggested that the effect of coronary size on hemodynamics was the underlying reason. 38 Volume flow rate, flow velocity, and shear stress, variables that suppress atherogenesis, all increase with vessel radius. Second, absence of compensatory/positive remodeling and presence of negative remodeling may result in a more-severe stenosis and hemodynamic disturbance in the presence of the same plaque burden and accelerated atherogenesis. Third, the RNF213 variant could lead to vascular fragility, which may render vessels more vulnerable to hemodynamic stress and secondary insults. 39, 40 Last, the RNF213 gene is reportedly associated with vascular risk factors, such as blood pressure. 41 However, our study showed that atherogenic features, such as the plaque characteristics on HR-MRI and vascular risk factors, were not different between carriers and noncarriers.
This study had several limitations. First, the study was cross-sectional and had a limited sample size. A long-term follow-up HR-MRI study of a large cohort is needed. However, this is one of the largest series of ICAS cases examined using HR-MRI. Second, most patients with RNF213 variant showed a diameter smaller than the cut-off value. However, CIs were relatively wide, which may be attributed to the relatively high counts for the number of patients without RNF213 variant who had a smaller diameter lower than the cut-off value. As a result, the study suffered from lack of desired precision, combined with the small sample study, resulting in wider CIs. Third, the results of this study cannot be generalized outside of East Asians because the RNF213 p.Arg4810Lys variant has not been reported in Westerners or South Asians. Several non-p.Arg4810Lys RNF213 variants (rs148731719 and rs397514563) were recently found in whites and East and South Asian cases with moyamoya disease, 9, 11, 42, 43 which need further studies in non-Asian populations. Last, genetic variants other than RNF213 were not tested in the present study. Very recently, a multiancestry genome-wide association study identified several loci associated with stroke subtypes. 44 In this study, the RNF213 p.Arg4810Lys was not the identified locus for large artery atherosclerotic stroke. However, in this study, a relatively small number of East Asians were included, and they merged extra-and intracranial atherosclerotic stroke as large artery atherosclerotic stroke.
In conclusion, our data showed that plaque characteristics did not differ depending on presence of the RNF213 variant, but patients with this variant had smaller intracranial arteries predisposing hemodynamic compromise in the presence of intracranial atherosclerosis. These findings suggest that the RNF213 p.Arg4810Lys variant is associated with vasculogenesis, but not with atherogenesis. In addition, ICAS and moyamoya disease share a common genetic variant. The results of the present study raise the possibility that this variant could contribute to the high prevalence of ICAS in Asians. The size of the population carrying the RNF213 variant was estimated to be 16.16 million people in East Asian countries. 45 Considering the high prevalence of the RNF213 variant in Asians, especially in patients with ICAS, further studies are warranted to develop novel therapeutic strategies against RNF213 vasculopathy as well as antiatherosclerotic strategies in Asian patients.
